ZnO crystals with octahedral morphology were synthesized in large quantity using a simple thermal evaporation of ZnF 2 powder in air. No catalysts and impurities were not used in the synthetic process. Scanning electron microscopy image showed that the synthesized ZnO crystals were of well-defined octahedral shape with smooth surfaces. X-ray diffraction data revealed that the octahedral-shaped ZnO crystals had a hexagonal wurtzite structure. As the synthetic temperature increased, the crystal size increased without altering the octahedral morphology. Energy dispersive X-ray spectroscopy spectrum confirmed the high purity of the ZnO crystals. Two emission peaks at around 430 and 460 nm was observed in the cathodoluminescence spectrum of the octahedral-shaped ZnO crystals.
Introduction
Semiconductor nanocrystals exhibit unique electrical or optical properties distinct from those of bulk materials because of the high surface to volume ratio. Among them, ZnO has attracted attention due to its wide band gap of 3.37 eV and large exciton binding energy of 60 meV, which makes it a potential material for applications in optoelectronic devices such as ultravilolet (UV) emitting devices. So far, ZnO nanocrystals with diverse morphologies including wires, 1) belts, 2) tubes, 3) combs 4) and tetrapods 5) have been synthesized through various synthetic methods such as metalorganic chemical vapor deposition, 6) laser ablation, 7) thermal evaporation, 8) hydrothermal method 9) and solgel method. 10) Among others, thermal evaporation is relatively simple and very cost technique. So, thermal evaporation technique has been widely used to synthesize nanocrystals.
On the other hand, even though many efforts have been made to synthesize ZnO nanocrystals with various morphologies because the properties of nanocrystals also depend on the morphology, it is still a challenge to synthesize ZnO nanocrystals with high symmetry such as tetrahedron and octahedron.
In this paper, we report the synthesis of ZnO crystals with octahedral morphology via thermal evaporation of appropriate source material in air. To my knowledge, this is the first report on the fabrication of octahedral-shaped ZnO crystals through evaporation-condensation process like thermal evaporation. In particular, there is a controversial issue about the crystal structure of nuclei for the formation of ZnO crystals with tetrapod morphology. One is based on the formation of the octahedral nuclei with zinc blend structure in the initiation of wurtzite ZnO tetrapods.
11) The other is that wurtzite ZnO tetrapods grow from octahedral nuclei with wurtzite structure. 12) In the present study, it also was found which crystal structure ZnO octahedra take.
Experimental Procedure
ZnO crystals were synthesized via thermal evaporation of ZnF 2 powder in the range of 10001300°C in air atmosphere. ZnF 2 powder was put in an alumina crucible and the alumina crucible was inserted into the center of the furnace. Then the furnace was heated to the evaporation temperature with a heating rate of 10°C/min. The evaporation and oxidation of ZnF 2 powder were carried out at the temperature for 1 h. After the oxidation, the furnace was turned off and cooled down to room temperature. A white colored product was formed in the crucible and was collected for the analysis and characterization.
The morphology of the product was observed by field emission scanning electron microscope (FESEM) operated at a voltage of 15 kV. The crystal structure was determined by X-ray diffractometer (XRD) with Cu K ¡ radiation ( = 0.154 nm) operated at a power of 40 kV and 30 mA. The components and composition of the product were studied by energy dispersive X-ray (EDX) spectroscopy. The cathodoluminescence (CL) spectrum was taken by CL spectroscopy at room temperature.
Results and Discussions
The morphology of the product was observed by FESEM. Figures 1(a) and 1(b) show the low and high magnification SEM images of the product. From these images, it can be found that the product is composed of micro-particles with an octahedron morphology. The octahedron shape is clearly shown in the high magnification SEM image.
The crystallographic structure of the particles with octahedral morphology was studied through XRD measurement. The XRD pattern of the particles with octahedron morphology is shown in Fig. 2(a) . All diffraction peaks are in accordance with standard peaks of ZnO with a hexagonal wurtzite structure. The peaks at 31.8°, 34.4°, 36.2°, 47.5°, 56.6°can be indexed to (10 10), (0002), (10 11), ( 10 12) and Any peaks from secondary phases are not observed in the XRD patterns.
EDX measurement was performed to investigate the component of the product. As shown in Fig. 2(b) , only Zn and O elements are observed in the EDX spectrum. Any other elements except Zn and O are not detected, which confirms that the product is pure ZnO.
The SEM and XRD results show that the octahedralshaped ZnO crystals take wurtzite crystal structure rather than zinc-blend crystal structure. There are two growth mechanisms for the formation of ZnO tetrapods. One is that four wurtzite legs grow on the octahedral-shaped nucleus with zinc-blend crystal structure.
11) The other is that four wurtzite legs are extended from the octahedral-shaped nucleus with wurtzite crystal structure.
12) The two tetrapod growth mechanism is still under debate. However, the present experimental observation gives evidence that ZnO octahedron tends to take a wurtzite crystal structure. This supports the latter growth mechanism.
According to the latter mechanism, octahedral-shaped ZnO nucleus is composed of eight wurtzite crystals. The crystals have a tetrahedral shape. Each tetrahedral-shaped crystal consists of three {11
22} pyramidal facets and one (0001) 25 μm show the SEM images of ZnO crystals synthesized at 1150 and 1300°C, respectively. As shown in Fig. 3 , the ZnO crystals with well-defined octahedral shape are also observed for the product synthesized at an elevated temperature (up to 1300°C). However the average size of the crystals increases from 4 to 10 µm. Figure 4 shows the room temperature CL spectra measured for the octahedral-shaped ZnO crystals prepared at (a) 1150°C and (b) 1300°C. Two emission peaks at around 430 (violet-blue emission) and 460 nm (blue emission) are observed. 13, 14) It is well known that visible emission in ZnO crystals is related to the structural defects such as oxygen vacancies and zinc interstitials. According to the previous studies, the emission at around 430 nm is thought to be attributed to the electron transition from the shallow donor level of zinc interstitials to the valence band.
13) The reason is that the energy gap from the top of the valence band to the energy level of the zinc interstitial is 2.9 eV. The emission at around 460 nm is considered to be originated from the surface defect levels associated with oxygen vacancies. 15) As shown in Fig. 4 , the intensity of the emission at around 460 nm significantly increases with the increase in the temperature, which suggests that the ZnO crystals prepared at a higher temperature have a large fraction of oxygen vacancies. The increase in the intensity of the emission at around 460 nm with the temperature might be related to the increase in the crystal size. Gao et al. have reported that the intensity of oxygen vacancy-related emission increases with the grain size of ZnO crystals. 16) On the other hand, near-band edge emission was not observed in the present experiment. It is well known that the oxygen vacancy in ZnO crystals can be easily produced at high temperature during the process of synthesizing ZnO crystals. In the present experiment, the synthetic temperature was considerably high, resulting in the high amount of defects. It is supposed that this leads to the quenching of near-band edge emission.
Conclusion
Octahedral-shaped ZnO crystals were synthesized by thermal evaporation without catalysts or additives. The synthetic process was carried out using ZnF 2 powder as a source material in air. The octahedral-shaped ZnO crystals took a wurtzite crystal structure, which supports the growth mechanism of ZnO tetrapods based on the assumption that four legs grow over wurtzite-structured octahedral nucleus. It is supposed that the octahedral-shaped ZnO crystal consists of four (0001) surfaces and four (000 1) surfaces. The octahedral-shaped ZnO crystals showed two emission peaks at 430 and 460 nm in the room temperature CL spectrum, which can come from zinc interstitials and oxygen vacancies. The intensity of the emission at around 460 nm increased with the synthetic temperature. 
